Furthermore, we show evidence that the cecum acts a biological sump holding large concentrations of prions for relatively long periods, thus increasing the exposure time of cecal patch M cells. Our results show a critical initial step in the translocation of prions from the intestinal lumen of mammals in vivo, which is a precursor to infection.
B R I E F R E P O R T
Murine
The pathological effects of prions (such as in new variant
Creutzfeldt-Jakob disease, bovine spongiform encephalopathy, and scrapie in sheep) manifest in the brain, eventually causing lethal (and incurable) disease. However, the mechanism by which prions cross the intestinal barrier of the host to infect nervous tissues has remained elusive. Microfold cells (M cells) residing in the follicle-associated epithelium (FAE) of Peyer patches and cecal patches sample particulate antigens from the intestinal lumen. M cells have been speculated to be the route of transit of prions from the intestinal lumen to the lymphoid tissues (see review by Ano et al [1] ). M cells transport luminal antigens, in a concentrated form, within 10-15 min to underlying antigen-presenting cells, which subsequently transport the antigens to deeper aggregated lymphoid tissues or to the mesenteric lymph nodes, which drain the intestine [2] . Although the role of M cells as a portal of infection by microorganisms is well documented, only circumstantial evidence exists for this role during prion infection. For example, lymphotoxin gene knockout mice (which have no aggregated Peyer patch tissues) are resistant to murine scrapie caused by Rocky Mountain Laboratory strain prion (RML) [3] , and in vitro transport of RML has also been shown in studies using the CaCo2/Raji B cell coculture model of M cells [4] . Specific M cell populations can be visualized in vivo by the use of fluorochrome-conjugated lectins. M cells residing in the ileal Peyer patches of mice express receptors for Ulex europaeus 1 (UEA1) lectin; these receptors are not expressed by Peyer patch enterocytes [5] . Cecal patch M cells specifically express receptors for Euonymus europaeus lectin (EEL) [6] .
The aim of this study was to examine a possible association between prions and M cells and to determine whether M cells transcytosed prions in vivo.
Methods. Unless otherwise stated, all reagents were obtained from Sigma-Aldridge. Infected mouse brains and prion protein-specific rabbit anti-mouse antibody (1B3) were obtained from Dr Neil Mabbott (University of Edinburgh, Edinburgh, UK).
To show that the brains of the mice we used in the inocula contained infectious prion protein (PrP Sc ), we used standard isolation and Western blot analysis techniques [7] . Briefly, brains from C57/BL/DK mice clinically infected with ME7 scrapie were processed by means of high-speed ultracentrifugation in 2% sarkosyl prior to incubation with proteinase K (50 mg/ mL). Samples were run on a 12% sodium dodecyl sulfatepolyacrylamide gel and then transferred to polyvinylidene difluoride membranes, where they were probed overnight with 1B3 antibody (1:5000 dilution). An alkaline phosphatase-conjugated goat anti-rabbit secondary antibody was applied at a 1:10,000 dilution to detect antibody binding prior to development using 5-bromo-4-chloro-3-indolylphosphate-nitroblue tetrazolium.
Three-to 4-week-old female BALB/c mice (10 in each group) were orally inoculated by a gavage needle with 2 doses of phosphate-buffered saline (PBS; 250 mL) containing 10% whole brain homogenate obtained from 40 mg of infected brain tissue. Control animals were inoculated as above with uninfected mouse brain processed in an identical manner or with PBS alone. Tissues were harvested 5, 24, and 48 h after inoculation. All animal experiments were performed within the guidelines of the UK Home Office animal scientific procedures.
To ensure the integrity of the FAE was maintained, mice were anesthetized prior to removal of Peyer patch and cecal patch tissues at 5, 24, and 48 h after inoculation, as reported elsewhere [5] , and were then killed by cervical dislocation.
One-centimeter sections of intestine on either side of the terminal ileal Peyer patch or cecal patch were isolated after laparotomy of terminally anesthetized mice. Intestinal sections were then opened longitudinally and rapidly washed in ice-cold PBS prior to snap fixing in methanol (Ϫ20ЊC) for 60 min. After 60 min, the tissues were incubated with 10 mg/mL fluorescein isothiocyanate (FITC)-conjugated or tetra-rhodamine isothiocyanate-conjugated M cell-specific lectins at room temperature. Tissues were then incubated with 1B3 antibody (1:5000 dilution) for 60 min prior to washing in ice-cold PBS and blocking for 30 min in bovine serum albumin (1 mg/mL). After the blocking step, the tissues were washed in PBS and then incubated with goat anti-rabbit immunoglobulin G (1:400 dilution) conjugated to Alexa Fluor 488 or 568 (Invitrogen) for 45 min. Tissues were finally washed in PBS prior to temporary mounting in Vectashield antiquenchant (Vecta Laboratories) on glass microscope slides. All tissues were examined using a TCS-NT microscope with an argon-krypton mixed gas laser (Leica). Images were captured at the cell surface; in M cell transport studies, images were also captured using 2-mm z-planes from the apical to basolateral membranes.
Results. We initially tested both ileal Peyer patch and cecal patch tissues for expression of UEA1 lectin receptors and EEL receptors, respectively, using appropriate lectin-fluorochrome conjugates. Our results show the characteristic lectin-fluorochrome staining patterns and peripheral localization of M cells on both Peyer patch ( Figure 1A ) and cecal patch ( Figure 1B ) tissues, which is highlighted in an illustration ( Figure 1C) . Cellular prion protein (PrP C ) is sensitive to protease degradation but aggregated pathogenic forms of prion (PrP Sc ) are not; therefore, to ensure that the brain homogenates used as inocula in this study contained scrapie-associated fibrils, we digested some of the ME7-infected mouse brains with proteinase K prior to Western blot analysis. This revealed 2 bands of resistant prion protein with molecular weights of 25-31 kDa ( Figure 1D ). Following examination of murine intestines 5-7 h after inoculation with scrapie-associated fibrils, we could not detect any PrP Sc immunoreactivity on the terminal ileal Peyer patch. This was also observed after examining the Peyer patch tissues of mice inoculated with preparations of uninfected mouse brain (controls), but PrP Sc immunoreactivity was detected in the mucus layers overlying the Peyer patch in ME7-inoculated mice (data not shown). However, 24 h after inoculation, PrP Sc immunoreactivity was detected on the surface of the ileal Peyer patch tissue and was localized to both UEA1 lectin-stained M cells and unstained enterocytes ( Figure 1E ). In contrast, PrP Sc immunoreactivity was not detected on the surface of the ileal Peyer patch tissues of mice inoculated with uninfected brain tissue for the same period ( Figure 1F ). We also examined ileal Peyer patch and cecal patch tissues 48 h after inoculation with infected and uninfected mouse brain tissue. Our results showed that PrP Sc immunoreactivity was abundant in the cecum and was localized to the surface of M cells and enterocytes (Figure 2A ). Comparatively little PrP Sc immunoreactivity was detected in the ileal Peyer patch 48 h after inoculation ( Figure 2B ), and no PrP Sc immunoreactivity was detected in the ileal Peyer patch of mice 48 h after inoculation with uninfected mouse brain preparation ( Figure 2C ) or PBS alone ( Figure 2D) .
The next series of experiments were designed to assess whether M cells transcytose prions from the intestinal lumen in vivo. To investigate transcytosis of ME7 prion, we analyzed cecal patch M cells rather than Peyer patch M cells because of the abundance of PrP Sc immunoreactivity in the cecum within 48 h after inoculation. Our results showed that PrP Sc immunoreactivity was detected 2-4 mm below the apical membrane and appeared to be in concentrated form ( Figure 2E) .
Discussion. Our findings show that ME7 prion interacts with M cells residing within the murine gastrointestinal system. Within 24 h, ingested prion is bound both to the FAE M cells and enterocytes in the ileal Peyer patch and to the M cells and enterocytes in the cecal patch within 48 h after ingestion. However, enterocytes that reside in the FAE do not readily transport luminal particulates; these cells transport soluble antigen to underlying lymphoid tissues [8] , and it is therefore unlikely that FAE enterocytes would transport prion-infected brain. We also show that the greatest accumulation of prion over this 48-h postingestion period occurs in the cecum and that the cecum may act as a biological sump by holding large concentrations of prion for quite long periods after ingestion of prion-infected meat. This is perhaps significant in light of some published studies that have shown that the human appendix (which is equivalent to the murine cecum) is a site of prion infection [9, 10] , and one of these studies has shown that humans incubating disease have detectable prion in their appendix [9] .
We also show that prion was accumulated and transcytosed from the intestine by cecal patch M cells, and to our knowledge, we are the first to show this hitherto hypothesized route. However, we cannot say whether the increased PrP Sc immunoreactivity we observed in the cytoplasm of cecal patch M cells was due to altered PrP C , or whether it occurred because of the accumulation of prion by cecal patch M cells that were persistently exposed as a result of high cecal contamination.
The role of M cells in transporting antigens and as a portal of entry of virus, bacteria, and some parasitic protozoa has been known for a number of years (see review by Miller et al [11] ). Therefore, some pathogens have evolved specific M cell ligands to target host M cell receptors, and M cells have also been shown to transcytose inert microspheres coated with UEA1 lectin that specifically target a-l-fucose receptors on the apical membrane of murine M cells in the terminal ileal Peyer patch [5] . The subsequent fate of luminal particulates transported by M cells is their uptake by antigen-presenting cells (in particular dendritic cells), which are abundant in the subepithelial domes of Peyer patch and cecal patch tissues. It is perhaps significant here to add that after CD11c + murine dendritic cells are ablated in vivo, ME7 infection of intestinal neurons is inhibited [12] . Therefore, in light of these studies and the results we report here, we hypothesize that prions interact with M cells and enterocytes in both the terminal ileal Peyer patch and the cecal patch, with the greatest possibility of interaction occurring in the cecal patch. Prions are then phagocytosed and transported through M cells and then, most likely, to underlying CD11c + dendritic cells, which transport them to underlying lymphocytic tissues or directly to the mesenteric lymph nodes via efferent lymphatic vessels. Although we cannot assume that the M cell portal is the only route by which prions circumvent the epithelial barrier, prions have previously been shown to accumulate in lymphoid follicles. Futhermore, mice that lack Peyer patches and cecal patches are refractory to murine scrapie, which thus indicates a key role of FAE, rather than conventional intestinal epithelial cells, in prion transport [13] . We therefore show a critical initial step in the translocation of prions from the intestinal lumen in vivo.
